A systematic study was developed to investigate the quality of air in Suva, the capital city of Fiji Islands. This is the first work of its kind in the South Pacific Islands and was aimed at characterizing the elemental abundances in total suspended particulate (TSP) matter in Suva's air.
INTRODUCTION
Airborne particulate matter -also known as aerosols -consists of solid and/or liquid particles of sizes in the range 0.01-100 μm suspended in air, which occur through natural processes such as volcanic eruptions, windblown dust, sea spray, etc., or through anthropogenic sources like industrial emissions, automobile exhausts, etc. Natural sources, like dust, generally contribute aerosols of sizes > 10 μm in diameter, while anthropogenic sources contribute < 10 μm (classified under PM 10 ) sized aerosols (Rao and Rao, 1989) . It is generally accepted that the concentration of total suspended particulates (TSP) from natural origins is less than 10 μg/m 3 (Le Petit et al., 2002) . For example, the TSP concentration of the Antarctic atmosphere is in the range of 170-300 ng/m 3 (Shaw, 1980) . High levels of TSP in air can reduce atmospheric visibility, irritate the eyes and can have long-term effects on human, plant and animal life (Bridgeman, 1990) . The toxic properties of particles are partly due to biochemical activities of metals present in them. In recent times, particulate matter pollution in urban air has become common and a serious problem in many developing countries (e.g., Aneja et al., 2001; Bilos et al., 2001; Salaam et al., 2003) . The
World Health Organisation (WHO) advises that concentration of TSP in air should not exceed the annual average of 60-90 μg/m 3 , while the air quality guideline in most developed countries is 90 μg/m 3 annually and 120-150 μg/m 3 daily (Boubel et al., 1994) . Since PM 10 aerosols are inhalable, a daily maximum of 50 μg/m 3 is the accepted guideline in many countries (e.g., Hope and Gooding, 2001 ).
The Pacific region and the individual island nations have made a strong commitment to efforts to prevent irreversible environmental change and to promote sustainable development by becoming party to numerous environmental conventions and treaties, such as the Framework Convention on Climate Change (FCCC, 1992) , the Convention on Biological Diversity (CBD, 1992) , the Convention to Combat Desertification (CCD, 1994) , the Convention on International
Trade in Endangered Fauna and Flora (CITES, 1973) , the Ramsar Convention (1971), the Montreal Protocol (1987) and Kyoto Protocol (1997) , to mention only a few. They have, with the assistance of institutions such as South Pacific Regional Environment Program (SPREP), United Nations Development Program (UNDP), Australian Government's Overseas Aid Program (AusAID) and University of the South Pacific (USP), also made a strong commitment, particularly over the past decade, to address the issues of environmental protection and sustainable development at the local and community levels. Participatory approaches to conservation and development have been increasingly used with successful results. Until now, very little information is available on airborne particulate matter in urban air in the South Pacific island countries. Many of these islands are small (20-200 km in diameter), widely scattered in the ocean and are thinly populated. For example in Fiji, fairly rapid population growth, modernization and urban drift, rising expectations, and growing inequalities, are contributing to a wide range of growing environmental problems, including air pollution problems.
The current decade has seen considerable efforts on the part of Fiji to enact bills and acts designed to protect the environment and achieve sustainable development. Fiji's Sustainable Development Bill was a case in point. Debated very widely during the second half of the 90's, it was an ambitious and comprehensive environmental bill. Its special air pollution section identified vehicle emission as a major source of air pollution, particularly from leaded petrol.
Since then leaded petrol has been phased out (in late 90's) and the Land Transport Authority (LTA) has been imposing stricter control of vehicle emissions. Efforts are being made to enforce existing emission regulation, as well as incorporate regulatory standards, including the certificate of compliance for imports, be they new or used vehicles. There is also some consideration given to a national analytical laboratory for monitoring and implementing air pollution regulations. In addition to auto emissions, there are emissions from a few companies that use waste oil or coal as fuel. The requirement that all incineration facilities get permission from the National Fire Authority partially ensures that excessive emissions do not occur. Moreover, the town and country planning departments exercise control in approving certain industrial activities which are likely to cause air pollution.
In view of the background described earlier, the present work is aimed at a baseline study of air quality in Suva, the capital city of the Fiji Islands. For this purpose, we determined the concentrations of TSP and its elemental composition in various locations of the city.
MATERIALS AND METHODS

Study area and sampling
Suva, situated at 178.30ºE and 18.06°S, is the largest city of the Fiji Islands ( Fig. 1 ) with an area of 26 km 2 . The Greater Suva area, which includes Suva and the suburban towns of Lami and Nasinu, has a total population of about 187,000. About 60,000 persons commute daily into the Suva City. The annual mean temperature at Suva is 27°C. Suva experiences a wet season between the months of November to April. Suva's mean annual rainfall (about 2800 mm) is greatly influenced by the island topography (hilly) and the southeast (SE) trade winds. The SE winds dominate during all seasons, average 15-20 knots, and are most persistent during the period of June to November leading to good atmospheric circulation.
The present study area is restricted to the Suva City and the nearby Lami town. For the purpose of sampling aerosols, the region could be classified into three broad categories; namely, residential, traffic and industrial areas. The sampling sites are shown in Fig. 1 Two high-volume air samplers, with flow rates of 1.0 and 2.0 m 3 /min, were used to collect aerosols on Whatman-41 filter papers (size 203 × 254 mm 2 ). These filters have a high collection efficiency of over 95% each for marine aerosols (Prospero et al., 2003) and for aerosols containing 7 Be (Uematsu et al., 1994) . Further, Whatman-41 filters have very low blank levels of heavy metals and trace elements (USEPA, 1999) . For security reasons, the samplers were installed at police stations in various parts of Suva. The samplers were run continuously for a week before collecting the filter and about 2-7 (mostly 4) filters were collected from each site.
About 6000-8000 m 3 of air was drawn through each filter. The meteorological conditions (rainfall, ambient temperature and pressure) were also noted during sampling periods. The weight of each filter was taken in the laboratory before and after exposure under conditions of constant temperature and humidity, and the TSP masses were determined.
Neutron activation analysis
Elemental abundances in the filters were determined by the neutron activation analysis (NAA)
technique (Landsberger, 1994) . Since Fiji does not have a nuclear reactor, the filters were irradiated in the HIFAR reactor of the Australian Nuclear Science and Technology Organisation (ANSTO), Sydney. For this purpose, a (8 × 1) cm 2 strip of each filter was folded into a (1 × 1) cm 2 pellet and heat-sealed in a clean polyethylene bag, which was in turn sealed in another polyethylene bag as a precaution to contain radioactivity that would be induced after irradiation.
Several United States Geological Survey (USGS) and International Atomic Energy Agency
(IAEA) standard samples, of similar size and mass about 50 mg, were prepared and stacked together with exposed filter sections (each stack contained 15-20 filters and 5 standards) and irradiated in the reactor at a thermal neutron flux of 2.75 × 10 12 1/(cm 2 s) for 4 hours. Thus, a total of 48 exposed filters from various locations (giving an average of about 4 filters per site)
were analyzed in this work by NAA. The standards were intended to serve three purposes: a) to make corrections for the non-uniformity of neutron flux received by the samples during irradiation in the reactor, b) to measure the elemental concentrations in filters by using the comparator method, and c) to cross-check the accuracy and reliability of results by treating some of the standards as unknowns.
After a waiting time of 3 days, the irradiated samples were flown back to Suva for measurement of induced activities using an HPGe gamma-ray spectrometer (efficiency 24% relative to NaI detector). In the first batch of measurements, which took place immediately after the arrival of the samples in Suva, each sample was measured for 4000 s. Fig. 2 shows a typical gamma-ray spectrum obtained from an activated sample (filter from Centre Point, which is a busy traffic junction), from which the activities of short-lived nuclides (T ½ ≤ 7 d) were obtained. From these, the concentrations of elements arsenic (As), bromine (Br), lanthanum (La), sodium (Na), antimony (Sb) and samarium (Sm) in each filter were determined. A second batch of measurements, for 6000 s on each sample, was carried out 3-4 weeks after irradiation and a spectrum similar to Fig. 2 was obtained. By this time, most of the short-lived nuclides were nearly extinct, which enabled the long-lived nuclides to be determined with greater accuracy.
From this data, elemental concentrations of cerium (Ce), cobalt (Co), chromium (Cr), europium (Eu), iron (Fe), hafnium (Hf), scandium (Sc), strontium (Sr), tantalum (Ta), thorium (Th), ytterbium (Yb) and zinc (Zn) were calculated.
Fig. 2.
Gamma-ray spectrum obtained from an activated filter from Centre Point (a busy traffic junction) 5 days after irradiation. This spectrum enabled determination of concentrations of elements As, Br, La, Na, Sb and Sm in the filter.
RESULTS AND DISCUSSION
The TSP distribution
Visual inspection of filters collected from traffic areas revealed that they were loaded heavily with fine carbon soot, while filters from industrial areas showed somewhat coarser particles.
Tables 1(a)-(c) give the summary of meteorological conditions during the sampling period and also show the measured concentrations of TSP in air at various locations. Although a wide variability in TSP was observed at different locations, TSP levels within the categorized locations (industrial, traffic or residential areas) were similar.
TSP levels were found to be 33-91 μg/m 3 for industrial areas, 20-50 μg/m 3 for traffic areas, and 9-43 μg/m 3 for residential areas. To comment on the quality of air in Suva, these TSP values must be compared with the WHO Annual Guideline of 60-90 μg/m 3 . The climatology of Suva (strong southeast trade winds and heavy rainfall) is responsible for such low TSP values than in most urbanized cities in the developing world (e.g., 400 μg/m 3 in New Delhi; see Aneja et al., 2001 ).
The highest variability in TSP levels was observed in industrial areas of Suva. As can be seen from which is the busy Suva City Bus Station). Since it is known that fine particles predominate in automobile exhaust gases, there is an urgent need to characterize the size fractions, particularly in traffic locations, of these aerosols in order to understand better the health implications.
Quality control of NAA result
Two USGS standards (AGV-1 and RGM-1 (USGS, 2007) 
Elemental concentrations in Suva's aerosols
The range of measured concentrations for 17 elements in air at Suva for residential, traffic and industrial areas is shown in Tables 2(a)-(c). The tables list some environmentally important elements (As, Br, Co, Cr, Fe, Na and Zn) and trace elements (Ce, Eu, Hf, La, Sc, Sb, Sm, Sr, Th and Yb). Other important elements, such as Al, Ca, Cd, Cu, K, Mg and Mn, could not be measured in the present work since the radionuclides produced after activation have very small half-lives (a few minutes to hours). Thus, these elements decay to near extinction before they arrive in Suva. Lead (Pb), which is a criteria pollutant specified by the US EPA, could not be measured in the present work because it has a very low thermal neutron cross section (owing to its closed nuclear shell structure). Arsenic being a volatile element can present some problems in measurements. However, the present work was concerned with measurement of solid aerosols.
The quality control exercise showed that differences in measured and literature values of As in standards are within 5-7%. This gives assurance that As volatility is not posing a big problem in the present analysis. 
Sources
Since industrialization in Fiji is relatively on a small scale, its environment is generally clean.
Sources of aerosols in Suva are therefore mainly limited to crustal material, industrial dust, sea spray and vehicular emissions. Table 3 (adapted from Le Petit et al., 2002) lists some elements contributed by these sources to aerosols of Suva.
A first glance at Tables 2(a)-(c) shows that Suva's aerosols are rich in sodium, iron and zinc.
Other elements of interest appear to be As, Br, Co, Cr and Sb, which arise from anthropogenic activities.
Since the elements measured comprise a small portion of the TSP (mass composition of ~5%), it is rather difficult to ascertain all the major sources of TSP in Suva's air. However, an attempt is made to differentiate the levels across the residential, traffic, and industrial categories in order to single out possible anthropogenic sources. This is given next.
Na, Fe and Zn
Sea spray is the main contributor for sodium in aerosols and its distribution is influenced by the SE winds and the geography of the Suva peninsula: The USP Campus (Site 11, Fig. 1 ) and the Rifle Range (1) are very close to the sea and therefore have very high Na levels. Baily Clinic (6) and Suva Market (7), which are on the western side of the peninsula, are shielded from SE winds by hills and tall buildings, have low sodium levels. Further, sea sprays consist of coarse particles and are expected to have small residence times in the atmosphere. For this reason they are also not expected to travel long distances.
Average levels of iron observed in aerosols were 1403 ± 867 ng/m 3 for industrial, 670 ± 279 ng/m 3 for traffic and 169 ± 65 ng/m 3 for residential areas. Elevated levels in industrial and traffic areas compared to residential areas point to possible anthropogenic input. It is believed that much of the iron in Suva's aerosols is contributed by dust from soil, road and construction sites.
Zinc was found to be elevated in TSP from the traffic and industrial areas (40-50 ng/m 3 , which is about twice that observed in residential areas). The highest zinc level recorded was at Lami (179 ± 2 ng/m 3 ). Zinc is used in the manufacture of tyres (zinc oxide is a vulcanization activator), and brake pads. Its composition in tyres can range 8,000-17,000 ppm, depending upon the level of zinc oxide added (David and Williams, 1975; Kennedy and Gadd, 2003) and 96-34,600 ppm in brake pads (Kennedy and Gadd, 2003) . In Suva, zinc is believed to arise mainly from the wear-off of automobile tyres and brake pads, as well as automobile exhaust emissions.
The EPA guideline values for these elements are not available for comparison.
As, Br, Co, Cr and Sb
Arsenic levels in Suva's aerosols are generally in the range of 1-3 ng/m 3 , with the highest concentration of 6.70 ± 0.07 ng/m 3 observed at Centerpoint (a busy traffic junction). This is still lower than the chronic inhalation reference level of 30 ng/m 3 established by the California Environmental Protection Agency (CalEPA, 1997). Kennedy and Gadd (2003) investigated the elemental composition of tyres, brake pads and road butimen. Their median values of As in the road butimen and brake-pad dust samples were 1.5 and 3.5 ppm respectively.
The main source of bromine in aerosols is motor vehicles (Ganley and Springer, 1974) in the form of lead halides (both Cl and Br included). Marine aerosols also contain some Br, but their contribution to total Br does not exceed 5% even at seaside locations (Jernigan et al., 1971; Martens et al., 1973) . Bromine levels in Suva's air at residential areas is found to be in the range 2-4 ng/m 3 , while an average value about 7 ng/m 3 was found in industrial and traffic areas.
Chromium levels in air at industrial and traffic areas was found to be about 1.6 ng/m 3 , which is about thrice the value observed for residential areas. EPA (2003) estimates that continuously breathing air containing 0.8 ng/m 3 of Cr would result in less than a one-in-a-hundred thousand increased risk of developing cancer during one's lifetime. Cr is a major component in the manufacture of brake pads. Kennedy and Gadd (2003) reported a median value of 329 ppm in brake-pad dust samples.
Suva's residential areas had an average Co level of 0.11 ± 0.06 ng/m 3 , while concentrations in traffic and industrial areas are higher by factors of 3 and 5 respectively. EPA (2003) considers a threshold value of 5 ng/m 3 for cobalt for non-cancer exposure. Kennedy and Gadd (2003) reported a median concentration of 28 ppm in road butimen, as well as in brake-pad dust samples.
In the traffic areas, these are believed to be the major sources of Co.
Elevated levels of antimony recorded in traffic areas (1-3 ng/m 3 ) compared to the residential areas (0.2-1 ng/m 3 ) indicate that this element could be used as a possible tracer for air pollution by automobile emissions. The UK Environmental Agency (1998) reported that antimony pentasulphide is used as a colorant in tyre production. Sutherland and Tolosa (2000) showed that the major source of antimony in road side dust could be the wear of asbestos-free brake linings. Kennedy and Gadd (2003) reported a value of 29,500 ppm for Sb in one of the brake pads they examined. They attributed antimony sulphide, which is used as a lubricant in the pad, as the major cause.
Rare earth and other trace elements
As can be seen from Table 2 , observed concentrations of rare earth (Ce, Eu, La and Sm) and other trace elements (Hf, Sc and Th) in air at Suva are below 1 ng/m 3 . The main source of these elements is the Earth's crust. Strontium was detected only in the aerosols from Lami which contains a cement factory close to the sampling site.
Evaluation of anthropogenic input
To confirm any anthropogenic input of elements into air, it is necessary to calculate the enrichment factors (EF) for each element. The EF is defined as the ratio of the concentration of an element of interest (X i ) in the sample to that of a reference element (C i ) in the sample; i.e., (X i /C i ) sample , divided by the same ratio in a reference material, (X i /C i ) ref . The Earth's crust is generally chosen as reference material (Bilos et al., 2001; Le Petit et al., 2002) .
In view of natural variation of the Earth's crustal composition, EFs for elements show some degree of uncertainty, but the EFs should be an order of magnitude higher than unity (Bilos., 2001) or even greater than 10 2 (Le Petit et al., 2001) to suggest anthropogenic origin. Using the mean elemental abundances of Earth's crust given by Taylor and McLennan (1985) , the EFs derived for some elements in Suva's aerosols are shown in Table 4 . Scandium was chosen as the reference element because of its low volatility and lack of anthropogenic sources (Le Petit et al., 2002) . Taylor and McLennan (1985) ; all units in ppm, except where noted otherwise. The EF's calculated in Table 4 have a bias towards traffic areas (more traffic areas were studied). Suva's aerosols are generally enriched with Sb, As, Na, and Zn. Sodium enrichment is expected for Suva, due to its geographical location. The high EFs suggest that there are sources apart from soil dust that contribute towards their loadings. Arsenic and antimony are known to be present in diesel exhausts (Stechmann, 1993; CalEPA, 2004) .
EFs for Cr and Fe are close to unity, suggesting soil dust or road dust as the potential sources.
However, these elements have been measured in elevated levels near traffic and industrial areas, which often have poorly maintained road infrastructure. Thus, even though their sources are natural, their re-suspension into the air is caused mainly by vehicle usage. In this way, motor vehicles and hence anthropogenic activity is indirectly contributing towards air pollution in Suva.
EFs for rare earth elements in air, as expected, were found to be close to unity, since these elements are mostly derived from soil dust. EFs for elements Yb and Eu were higher (similarly for Sr), mainly due to the site at Lami which is close to a cement factory.
CONCLUSIONS
This work supplies the hitherto not available data on atmospheric aerosols and its elemental concentrations in air in the South Pacific Islands, which is perhaps necessary for global understanding of aerosols. It also provides a baseline work for the parties interested in the Fiji Management Act of 2005 to refer to when the need arises. The airborne particulate matter in Suva is dominated by marine aerosols. Though most locations in these islands are pristine, TSP levels recorded in Suva were in the wide range of 9-91 μg/m 3 , giving an annual average of 40 ± 13 μg/m 3 . In some industrial locations, TSP values are occasionally close to the upper WHO limit for pollution. Calculated enrichment factors for some elements (As, Sb and Zn) measured in this work show that anthropogenic inputs into the air occur through automobile emissions.
The Land Transport Authority of Fiji has recently started enforcing maximum emission levels for vehicles running on diesel fuel. This act perhaps would help bring down the emission levels from the automobiles running on Fiji roads. Also, certain relaxations on import duty have allowed taxi drivers in Fiji to switch from their diesel operated cars to vehicles running on liquid petroleum gases (LPG). It was believed that this transition would: a) reduce exhaust emissions, and contribute towards a 'cleaner' air; b) cheaper running of taxis. It is envisaged that emissions from traffic would be drastically lowered over the next few years due to these initiatives. As the field work in this study was conducted prior to the LPG cars being introduced onto Fiji roads, this work serves as a very good reference point for any future studies for comparison. Moreover, with the establishment of the National Environmental Council, it is believed that emissions and wastes from industrial activities would also be reduced.
